summarized some of the various ways in which gravitationally unstable continental crust has been suggested to develop. Not all of these processes must necessarily be directly related to collision. The development of lithological density contrasts has been ascribed to the superposition or injection of dense basic magmas (e.g., Ramberg, 1981; Perchuk, 1989 Perchuk, , 1992 or to crustal anatexis and granitization (Ramberg, 1981; Perchuk, 1989; Bittner & Schmeling, 1995) . Nevertheless, it is primarily collision that will lead to either homogeneous thickening or multiple stacking of initially stable crustal profiles (e.g., Ramberg, 1981; Turcotte & Schubert, 1982; England & Thompson, 1984; De Wit & Ashwal, 1997; Krohe, 1998; . Gravitational instability can be due either to primary density contrasts in stacked crust or to inversions of rock densities caused by reequilibration leading to either partial melting (at relatively high water fugacities) or to a granulite-facies overprint with the production of mineral assemblages of comparatively lower density (Gerya et al., 2001) . England & Thompson (1984) have already shown that the internal layering of continental crust, reflecting a particular process of crustal thickening, decisively controls crustal thermal structure if the radiogenic heat supply from the crust and mantle, the thermal conductivities and the rates and duration of erosion are kept constant. For instance, England & Thompson (1984) demonstrated that regions thickened by crustal-scale thrusting (e.g., a fourlayered crust) should be characterized at a given depth by considerably higher (~ 100°C) temperatures than regions of homogeneously thickened two-layered crust (see also Le . In contrast to the homogeneously thickened crust, the stacked crust has a gravitationally unstable internal structure, because lower crustal rocks of relatively high density are thrust over upper crustal rocks of relatively lower density.
In the present paper we study in a more systematic approach the influence of the internal structure of multiply and variously layered/stacked continental crust on its thermal regime, and assess the question of resulting gravitational instability and its implications for the exhumation process of high-grade metamorphic rocks.
Thermal modeling of steady-state geotherms

Physical model
We use a 1D model of the continental crust and upper mantle (Turcotte & Schubert, 1982; England & Thompson, 1984; Le Pichon et al., 1997) in which non-convecting lithosphere is underlain by convecting asthenosphere. We take boundary conditions for the lithosphere of T = 25°C at the surface and T = 1300°C at its base. We assume that the decay of radiogenic elements from the continental crust and the heat transferred to the bottom of the crust from the mantle are the two sources of heat; that heat flow from the mantle is controlled by the thickness of mantle lithosphere; that heat transfer occurs by conduction in the vertical direction only; and we take into account that rocks have a temperature-dependent thermal conductivity (e.g., Clauser & Huenges, 1995) . With the above constraints, a set of steady-state temperature profiles (i.e., geotherms) can be calculated for multilayered continental crust according to
where z is depth in m; T is temperature, K; k is thermal conductivity of the medium, W/(m×K); and Q is radiogenic Table 1 . The basic set of standard model parameters assumed for calculations; in brackets the range of individual parameter variations explored while holding all other parameters constant.
* thermal conductivity of dioritic rocks is taken as the average for granodioritic and gabbroic rocks.
heat production in the medium, W/m 3 . For the lithospheric layer boundaries, equation (1) was combined with the condition of equal heat flow,
where kA and kB are the heat conductivities of adjacent layers A and B, respectively, and ( ¶T/ ¶z) A and ( ¶ T/ ¶ z)B are related to the adjacent layers at their contact. The steady-state temperature distribution within the lithosphere in our model is controlled by the following physical parameters: (A) overall thickness of the crust, (B) thickness of mantle lithosphere, (C) thermal conductivity of the crust, (D) bulk radiogenic heat supply within the crust, and (E) the distribution of rock layers of different heat productivity within the crust.
We have studied two types of initial crustal layering (e.g., Le : (1) intercalation of rocks of granodioritic and gabbroic bulk composition on the one hand, and (2) intercalation of rocks of granodioritic and dioritic bulk composition on the other. Table 1 lists the basic set of standard model parameters we have assumed, as well as the range of individual parameter variations we have explored while holding all other parameters constant. As the standard lithosphere we use a 50 km, two-layered, homogeneously thickened crust underlain by 100 km of mantle lithosphere. The vertical structure of the standard crust is defined by an upper crust composed of 25 km of rocks of granodioritic bulk composition and a lower crust composed of 25 km of either gabbroic or dioritic bulk comoposition (compare with Le Pichon et al., 1997) .
Results of modeling
Figures 1 and 2 illustrate the variations in calculated temperature distributions that result as a function of isolated, independent changes in the model parameters summarized in Table 1 . These results are comparable with those reported by England & Thompson (1984) and Le , and indicate that the realistic systematic variations assumed in Table 1 in total crustal thickness, mantle lithospheric thickness, thermal conductivities of the crust, and bulk radiogenic heat production of the crust will lead to variations in the temperatures of steady-state geotherms on the order of 100-500°C at 30 km depth. However, the more realistic temperature-dependent thermal conductivities intro- Fig. 1 . Steady-state temperature distribution in a thickened granodioritic/gabbroic crust, calculated on the basis of the standard parameters given in Table 1 . Each panel shows the influence of varying independently (a) the total thickness of the crust with equally thick layers of upper granodioritic and lower gabbroic rocks, (b) the thickness of the mantle lithosphere, (c) the thermal conductivity of the crust, and (d) the bulk heat production within the crust. For comparison, geotherms calculated at constant thermal conductivity of upper crust (3.0 W×m -1 ×K -1 ), lower crust (2.6 W×m -1 ×K -1 ) and mantle (3.0 W×m -1 ×K -1 ) (England & Thompson, 1984; Le Pichon et al., 1997) are given as dotted lines in (a). A simplified facies scheme from Yardley (1989) is shown for orientation. duced in this study (Table 1 ) produce a systematic 100-300°C increase in calculated lower crustal temperatures and a more concave shape of the geotherms (Fig. 1a, 2a ) in comparison to models based on a constant thermal conductivity of crustal rocks (e.g., Turcotte & Schubert, 1982; England & Thompson, 1984; Le Pichon et al., 1997) . Figure 3 demonstrates the thermal effects of different patterns of vertical structuring of the granodioritic/ gabbroic or granodioritic/dioritic crust while retaining a 1:1 volume ratio between the two respective bulk-compositional layer types (i.e., a constant bulk radiogenic heat supply within the crust) and a constant total crustal thickness of 50 km. The structural models 1 to 7 for the crust in Fig. 3 represent a continuous increase of the degree of gravitational instability of the crust from a completely stable to the most unstable geometry. The degree of gravitational instability clearly correlates positively with the higher temperature calculated at a given depth for the corresponding steady-state geotherm. This correlation documents the net shift of the higher-heat-generating units toward greater depths. The tested models illustrate an idealized progressive scheme and need not in detail be directly related to an actual, specific process of crustal thickening.
The models are applicable to any type of geodynamic process leading to specific contrasts and distribution patterns in density (cf. Introduction). Unstable crustal profiles of this type may be produced by magmatic and tectonic processes such as: regional stacking of continental crust during collision (e.g., England & Thompson, 1984; Le Pichon et al., 1997; Krohe, 1998; Arnold et al., 2001) , creating a potentially unstable thickened crust in areas with initially stable crustal profiles (e.g. double-and triplestacked crust, see models 2 and 3 in Fig. 3 ). medium-scale (100-4000 m), rhythmic interlayering of rocks of different densities within the crust (e.g., Perchuk, 1989) , which has been suggested to lead to the growth of regional diapirs, due to the dynamic interaction of low density rocks during gravitational redistribution processes (Perchuk et al., 1992 ) (see model 4 in Fig. 3) ; invasion of basic magmas, either in the form of huge quantities of basic melts pouring out on the top of continental crust (e.g., plateau basalts, greenstone belts) or injected as sills, dykes and massive layered intrusions within continental crust (e.g., Ramberg, 1981 ) (see models 5-7 in Fig. 3 ); Table 1 . Each panel shows the influence of varying independently (a) the total thickness of the crust with equally thick layers of upper granodioritic and lower dioritic rocks, (b) the thickness of the mantle lithosphere, (c) the thermal conductivity of the crust, and (d) the bulk heat production within the crust. For comparison, geotherms calculated at constant thermal conductivity of upper crust (3.0 W×m -1 ×K -1 ), lower crust (2.6 W×m -1 ×K -1 ) and mantle (3.0 W×m -1 ×K -1 ) (England & Thompson, 1984; Le Pichon et al., 1997) are given as dotted lines in (a). A simplified facies scheme from Yardley (1989) is shown for orientation.
The highest temperatures for a given depth in Fig. 3 are indicated for gravitationally unstable structures in which the bulk of the granodioritic rocks underlie dioritic or gabbroic rocks (e.g., models 6 and 7 in Fig. 3 ). The calculated shifts in steady-state geotherms caused by such variations in the internal geometry of the crust are considerable. In the case of model 7 the temperature is about 300°C higher at a depth of 30 km than that calculated with model 1 (Fig. 3) . These shifts are thus of the same order of magnitude as those caused by variations in other model parameters ( Fig. 1 and 2) usually taken into account. For example, the change of vertical structure of the crust from model 1 to model 7 produces almost the same effect on a steady-state geotherm as a twofold increase in the bulk radiogenic heat production within the standard two-layered crust (cf. geotherms 15/2 and 30/3.5 in Fig. 1d ).
The geodynamic processes leading to gravitationally unstable crust can be considered to be geologically instantaneous. However, although the steady-state geotherms in Fig.  1 and 2 represent thermal structures that the stacked crust will initially strive to attain, it remains to be explored to what degree late-orogenic relaxation will affect the thermal evolution of such gravitationally unstable crustal systems.
Geodynamic implications Degree of gravitational instability of the crust
As follows from Fig. 3 , the calculated increase in temperature at a given depth caused by variations in the vertical structure of the crust correlates directly with an Thermal regime and instability of layered crust 691 Fig. 3 . Steady-state geotherms calculated for various types of restructured granodioritic/gabbroic (a) or granodioritic/dioritic (b) crust, retaining a 1:1 volume ratio between the two respective bulk-compositional layer types (i.e., a constant bulk radiogenic heat supply within the crust) and a constant total crustal thickness of 50 km. All other standard parameters as in Table 1 . Crustal models indicate distribution of granodioritic (white) and gabbroic or dioritic (black) layers. A simplified facies scheme from Yardley (1989) is shown for orientation.
increase in the degree of gravitational instability of the crust. This correlation can be quantified in terms of the maximum internal gravitational energy released by gravitational redistribution. For any given density profile, the degree of gravitational instability can be estimated by comparison with a gravitationally stable "ordered" profile (model 1 in Fig. 3 ), characterized by identical volume ratios of rocks of different density, in which the density of the crust does not decrease with depth. The maximum internal gravitational energy, U, of the crust is given by
where U is in J/m 3 ; h is the thickness of the crust, m; r (z) and r o (z) are given and "ordered" density profiles with depth z, respectively; g = 9.81 m×s -2 is the acceleration of gravity. U is here calculated using a standard rock density as listed in Table 1 and does not include the thermally induced density variations (i.e., P-T-dependent changes in mineral assemblages, compressibilities and thermal expansion of individual minerals) discussed by Gerya et al. (2001) . Figure 4 , calculated on the basis of Eqn. (3), shows a strong positive correlation between the gravitational energy (i.e., degree of gravitational instability) of the crust U and temperatures at 30 km crustal level. Thus, the intercalation of rocks with different densities and rates of radiogenic heat production leads to a strong correlation between gravitational and thermal structures. This relationship reflects the general negative correlation for rocks between radiogenic heat production and SiO 2 content on the one hand and density on the other.
Late orogenic thermal and metamorphic evolution of the crust
Steady-state geotherms calculated for gravitationally unstable crust (Fig. 3) will reflect the corresponding crustal thermal structure towards which the thickened crust will evolve after the geodynamic event and during the late-orogenic, non-steady stage. Such thermal modeling has already been presented in the literature, considering both constant (e.g., England & Thompson, 1984; Le Pichon et al., 1997) and temperature-dependent (Arnold et al., 2001 ) thermal conductivity and heat capacity of crustal rocks. The effect of partial melting was considered by Arnold et al. (2001) . These models, however, do not explore the effects of the metamorphic phase transformations that will proceed with increasing temperature, consuming potentially significant amounts of heat (e.g., Gerya et al., 2001 ).
To account for the possible thermal effects of phase transformations under melt-absent conditions, we used 1D thermal modeling combined with a Gibbs free energy minimization approach. The latter procedure, following Gerya et al. (2001) , was used to calculate equilibrium assemblages and compositions of minerals for a given pressure, temperature and rock composition. The density, r , of rock was then calculated as the ratio of the sum of the molar masses to the sum of the molar volumes of the constituent minerals, where each mass and volume is weighted by the molar abundance of the mineral in the rock. A similar procedure was also used to calculate the enthalpy of the rock. P-T dependent enthalpy, H, and molar volume, V, of the phases in equilibrium mineral assemblages were calculated via the Gibbs potential, G, using the thermodynamic relations V = ¶ G/ ¶ P and H = G-T × ¶ G/ ¶ T and a numerical differentiation procedure. Enthalpy and density were tabulated for T = 25-1000°C (at 5°C intevals) and P = 1-14,000 bars (at intervals of 100 bars). Thermodynamic data for minerals and aqueous fluid were taken from the internally consistent database of . Mixing models of solid solutions consistent with this database were taken from the literature Powell & Holland, 1999; Dale et al., 2000) . Chemical compositions of granodioritic and andesitic crust were chosen according to McLennan (1992) . To simulate melt-absent conditions, a lowered water activity was assumed at temperatures above 630°C according to the following empirical equation (Gerya et al., 2001 )
where t1 = 877+160/(P kbar +0.348) 0.75 and t2 = 1262+9P kbar , 0.1<aH 2 O<1.0. Further details on this Gibbs energy minimization procedure and examples of calculations are given in Gerya et al. (2001) .
With the above constraints, a set of time-dependent temperature profiles (i.e., geotherms) were calculated for the case of thermal relaxation of double-stacked crust
where t is time, s; r is equilibrium density of rock, kg/m 3 ; Cp is the effective isobaric heat capacity that accounts for the thermal effects of phase transformations, J/kg (calculated numerically via tabulated enthalpy, H, using the Cp = ¶ H/ ¶ T relation). Figure 5 shows equilibrium phase diagrams calculated at T = 400-1000°C and P = 1-14 kbar for crust of granodioritic and dioritic compositions (McLennan, 1992) . To calculate the effective heat capacity and density of the crust it was assumed that complete reequilibration of a mineral assemblage is reached at a temperature above 400°C. At lower temperatures the heat capacity and the density were calculated for the assemblage stable at T = 400°C and given pressure (with 1 kbar as lower pressure limit). To solve equation (5) we used a numerical modeling approach based on the implicit finite differences method. We also used a time-step limitation to ensure < 1°C changes in temperature for each calculation step. The method of modeling and tests of the numerical code are discussed by Gerya et al. (2000) .
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Fig. 5. Simplified petrogenetic grids calculated for a crust of granodioritic (a) and dioritic (b) composition. Quartz, plagioclase (otherwise specified) and Fe-Ti oxides are present in all mineral assemblages. Abbreviations of mineral names are after Kretz (1983) . Figure 6a shows the results of modeling the lateorogenic evolution of the thermal profile in doublestacked continental crust composed of rocks of granodioritic and dioritic compositions. Geometry and boundary conditions correspond to crustal model 2 in Fig.  3b . Figure 6b demonstrates the influence of phase transformations on the evolution of the thermal profile with time: the consumption of heat related to prograde metamorphic reactions produces only a relatively small (10-20°C) systematic decrease in crustal temperatures at a given time, compared to the results calculated for a constant modal composition of the rock (compare thin and thick lines in Fig. 6b ). Within the tabulated pressure (1-14,000 bars) and temperature (25-1000°C) range, the calculated average values of effective isobaric heat capacity including effects of metamorphic phase transformations are equal to 1162 J/kg for granodioritic and 1198 J/kg for dioritic crust. These values are ca. 10% higher than those (1091 J/kg for granodioritic and 1089 J/kg for dioritic crust) averaged in the tabulated pressure and temperature range for a constant modal composition of rocks that corresponds to the Qtz+Pl+Kfs+Bt+Am assemblage equilibrating at 700°C and 7 kbar.
Calculated changes in the density and viscosity structure of the crust during the late orogenic evolution are shown in Fig. 7 : prograde metamorphic reactions and increases in lower crustal temperatures toward high-grade amphibolite and granulite facies conditions (Fig. 6a ) result in significant lowering of both density and viscosity of the buried granodioritic crust, thus creating even more favorable conditions for triggering processes gravitational redistribution (Gerya et al., 2001) .
Rheological constraints on gravitational redistribution
The possibility of gravitational redistribution within an unstable crust strongly depends on its effective viscosity, which decreases exponentially with increasing temperature (e.g. Turcotte & Schubert, 1982; Ranalli, 1995) , and therefore varies significantly with depth and the effective (Fig. 5) , thin linesthermal relaxation without associated phase transformations (modal compositions of granodioritic and dioritic crust correspond to the Qtz+Pl+Kfs+Bt+Am assemblage at 700°C and 7 kbar). geothermal gradient. Figure 7b illustrates the evolution of the viscosity profile for a double-stacked crust (model 2 in Fig. 3 ) during thermal relaxation, calculated using experimentally calibrated rheological criteria formulated according to Ranalli (1995) as
h = 10 6 s /(2e)
where h is viscosity, Pa×s; e is strain rate, s -1 ; s is stress, Mpa; E is activation energy, kJ mol -1 ; A D is a material constant, MPa -n s -1 , where n is a power-law constant; R is the gas constant. Data for granodioritic (wet granite rheology) and dioritic (quartz diorite rheology) crust in Fig. 7 . Evolution of the vertical density (a) and viscosity (b) profile for a doublestacked crust (Model 2 in Fig. 3b ), calculated for the corresponding thermal evolution shown in Fig. 6a . Changes in crustal density in (a) are related to metamorphic phase transformations (Fig. 5) . The viscosity in (b) is calculated at a strain rate of 10 -15 s -1 from experimentally determined rheological parameters given in Ranalli (1995) ; brittle-ductile transition (thick line) is calculated as "MohrCoulomb viscosity" (Schott & Schmeling, 1998) at a strain rate of 10 -15 s -1 after Byerlee's law (Brace, 1980) . Equation 6 were taken from the summary by Ranalli (1995) . In our calculation we used a low value of 10 -15 s -1 for the strain rate (e.g., Carter & Tsenn, 1987; Ranalli, 1995) , in accordance with the assumption of active lateorogenic crustal deformation (e.g., Babeyko & Sobolev, 2001 ; and discussion below). From Fig. 7b it follows that the two lower layers C and D of the double-stacked crust are characterized by a strong (> 2 orders of magnitude) decrease in viscosity, forming a rheologically weak zone (e.g., Carter & Tsenn, 1987; Ranalli, 1995) . The lowest values of effective viscosity should characterize the buried upper crust represented by layer C in Fig. 7 and 8, which is composed of quartz-rich granodioritic rocks and represents a buoyant body overthrust by denser and stiffer lower crustal rocks represented by layer B in Fig. 8 . The low viscosity of this buoyant crust after thermal relaxation of the stacked crust should favor the activation of gravitational redistribution (Fig. 8) in the form of either crustal diapirism (e.g. Ramberg, 1981; Perchuk, 1989; Perchuk et al., 1992 Perchuk et al., , 1999 Gerya et al., 2000b Gerya et al., , 2001 or buoyant escape (squeezing) of the buried crust (e.g., Chemenda et al., 1995; Arnold et al., 2001 ). . Diapir growth for a two-layered model (Ramberg, 1981) representing layers B and C in Fig. 7 and 8. The initial design of the model and the boundary conditions are shown in (a); for further details see text.
The height of a diapir as a function of time, calculated using equation (8), is shown for different density contrasts between layer B and C (see Fig. 7a ). Arnold et al. (2001) recently studied the late-orogenic evolution of a double-stacked crust underplated by hot asthenospheric mantle with two-dimensional thermomechanical numerical modeling experiments. The results show that in the absence of erosion and external tectonic forces partial melting and ductile rebound of the lower crust should be the dominant processes. Although buoyancy forces are present in the partially molten lower crust, the viscosity of the overburden is too high to allow diapiric ascent (Arnold et al., 2001) . On the other hand, the study of Babeyko & Sobolev (2001) shows that intense crustal convection can be triggered during relatively slow tectonic shortening of continental crust. This indicates that external tectonic forces can lead to -and may be necessary forcritical weakening of the crust (e.g., along fault zones) to trigger processes of gravitational redistribution during lateorogenic evolution. In this case, strain localization by erosion (Ellis et al., 2001 ) may also play a significant role in the exhumation of buoyant lower crustal rocks.
During gravitational redistribution the strain rate will vary significantly in space and time (e.g., Bittner & Schmeling, 1995) , thus influencing the effective viscosity of the rocks. Therefore, the viscosity profiles of Fig. 7b can only be representative for the very initial stage of the process if external tectonic forces uniformly affect the entire vertical section of the stacked crust. Nevertheless, it can be argued that the high (10 1 -10 4 ) viscosity contrast between the buried upper-crustal layer C in Fig. 7 and 8 and the overthrust lower-crustal layer B should be characteristic for late-orogenic stages during thermal relaxation (Fig. 6a) . In this case, the development of crustal-scale gravitational redistribution is controlled (e.g., Ramberg, 1981) by the absolute effective viscosity of the stronger, overthrust lower crustal rocks of layer B.
We used the diapiric model (Fig. 9a) of Ramberg (1981) in order to estimate semi-quantitatively the possible range of the effective viscosity of the overthrust lower crust of layer B which would allow the triggering of diapiric uprising of the buried upper crustal layer C (Fig. 7, 8) . We note that layers B and C in Fig. 7 and 8 constitute an inversion of the distribution of density and viscosity with depth ( Fig. 7) , with a sharp discontinuity at the layer boundary. We assume that an initial sinusoidal disturbance of this boundary between the two layers has a small amplitude, M, and a characteristic wave length, l (Ramberg, 1981) . Thus the conditions to investigate the growth of a diapir are defined by the equation (Ramberg, 1981) 
where y is the height of the diapir (m) as a function of time t (s); L is the thickness of each layer, m; r B and r C are the densities of layers B and C, respectively; h C is the viscosity of the layer C, Pa×s; K is the factor of growth (Ramberg, 1981) , dependent on the viscosity contrast. From Table 1 and Fig. 6 we assume L = 12,500 m, r B -r C = 100-200 kg/m 3 and M = 500 m. Based on the calculated variations of viscosity with depth ( Fig. 7b) , we use a viscosity contrast of h B /h C = 10 2 to estimate K = 0.0033 (Ramberg, 1981) . Figures 9b and 9c show the height of the resulting diapir as a function of time for different values of r B -r C and h B , h C . According to these results, gravitational redistribution should proceed in realistic time scales of 10-100 Myr, comparable to those of thermal relaxation (Fig.  6) , for a viscosity of the overthrust lower crust on the order of n ´ 10 21 Pa×s. Such significant lowering of the viscosity can be related to localized tectonic weakening of the crust (e.g., along crustal-scale fault zones characterized by high pore-fluid pressure). The onset of the processes of gravitational redistribution within a stacked crust may thus be expected some tens of Myr after the beginning of thermal relaxation, when a high negative density contrast (Fig. 7a ) related to prograde metamorphic phase transformations (Fig. 5) and a low effective viscosity of the buried crust (Fig. 7b) are attained.
Conclusions
On the basis of our calculations it can be concluded that multilayered crustal structures created either by collision or by large-scale magmatic activity can be subjected to gravitational redistribution during the thermal relaxation of the stacked crust. The initiation of gravitational redistribution requires a decrease of effective rock viscosities to about ń 10 21 Pa×s or less. This can be achieved by an increase in temperature, by the application of external tectonic forces and possibly also by fluid/melt influx during the thermal relaxation of the stacked crust. Buoyant escape or extrusion ("squeezing") of buried upper crust (e.g., Arnold et al., 2001) can proceed via a weak low-viscosity "channel" formed by the buried upper crust itself (Fig. 8) . This particular process has also been suggested to be an important feature during collision and associated normal faulting (e.g., Chemenda et al., 1995) . If weak tectonic zones exist within the overthrust lower crust, gravitational redistribution in the form of crustal diapirism may occur within a < 100 Myr time interval, as interpolated from Fig. 9 . For example, Gerya et al. (2000b) used two-dimensional numerical modeling of gravitational redistribution to analyze the shapes of exhumation P-T paths in granulites from the Limpopo high-grade terrain of South Africa, for which collisional-type tectonic models had previously been suggested (e.g., Roering et al., 1992; De Wit et al., 1992) . The effective viscosity of the granulites and overlying lower-grade rocks during gravitational redistribution was estimated to be close to 10 19 Pa×s and 10 21 Pa×s, respectively, and these authors concluded that ~15 km of buoyant uplift of medium-pressure (7-8 kbar) granulites had occurred within about 9 Myr along a weak tectonic zone.
The strong correlation between the degree of gravitational instability and the calculated steady-state temperature in the lower part of the continental crust suggests that a gravitationally unstable crust will logically lead to further modifications, with a positive feed-back effect on gravitational redistribution. Higher geotherms will trigger prograde changes in mineral assemblages, leading to a further enhancement of vertical density inversions (Fig. 7a , see also Gerya et al., 2001) , or, given suitable water fugacities, to the generation of granitic magmas and low-viscosity, partially molten zones in the lower part of the stacked crust (e.g., Beloussov, 1989; Perchuk, 1989 Perchuk, , 1991 Perchuk et al., 1992 Perchuk et al., , 1999 Perchuk et al., , 2000a Weinberg & Schmeling, 1992; Dirks, 1995; Bittner & Schmeling, 1995; Gerya et al., 2000a and b; Arnold et al., 2001) . Gravitational redistribution should not only lead to a decrease in gravitational energy, and, as a result, to a more stable structure of the crust, but should also favour a final structure in which abundant basic, low-heat-productivity and high-density rocks should predominate in the lower part of this crust.
As noted above, gravitationally unstable crust may be produced in any large-scale process leading to inverted rock-density stratifications. Redistribution processes in such crust may play a significant role in the heat distribution during the formation of Precambrian granite-greenstone terrains (e.g., MacGregor, 1951; Ramberg, 1981) and spatially related granulite complexes (e.g., Perchuk, 1989 Perchuk, , 1991 Perchuk et al., 1992 Perchuk et al., , 1999 Perchuk et al., , 2000a , where the instability is produced by abundant mafic and ultramafic rocks of greenstone belts overlying sialic basement. However, gravitationally unstable crust is expected to result, above all, from collisional events involving initially stable sections of continental crust, where regional thrusting, multiple stacking and regional folding occur (e.g., the double-stacked crust of England & Thompson, 1984; Le Pichon et al., 1997) . This suggests a strong causal and temporal link between external collisional and internal gravitational mechanisms of rock deformation in highgrade metamorphic regions. Collisional mechanisms should operate during the early prograde stages of a tectonometamorphic cycle, causing thickening of the crust and a corresponding increase in radiogenic thermal supply, whereas gravitational mechanisms should dominate during the later thermal peak and retrograde stages, providing an important factor for the exhumation of high-grade rocks.
